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and	meteorological	 factors	 (including	 temperature	and	solar	 radiation).	The	present	
findings,	combined	with	those	of	our	previous	work,	provide	suggestive	evidence	that	
herbivore-	driven	 divergence	 and	 occasional	 outbreak	 of	 a	 specific	 herbivore	 have	
jointly	contributed	to	the	ecogeographic	pattern	in	the	frequency	of	two	morphs.








species	 develop	 resistance	 traits	 against	 herbivores	 (Fritz	 &	 Simms,	






costly	 for	 plant	 growth	 (Koricheva,	 2002;	Mauricio,	 1998;	 Sletvold,	
Huttunen,	Handley,	Kärkkäinen,	&	Ågren,	2010),	an	optimal	defense	
level	 would	 depend	 on	 a	 trade-	off	 between	 costs	 and	 benefits	 of	





























incorporate	 the	 genetic	 structure	 of	 neutral	markers	 as	 a	 statistical	
control	 for	 testing	 ecogeographic	 patterns	 (Hangartner,	 Laurila,	 &	
Räsänen,	 2012;	 Karkkäinen,	 Løe,	 &	Ågren,	 2004;	 Kooyers	 &	Olsen,	
2012;	McKay	&	Latta,	2002).	If	one	aims	to	test	the	effects	of	a	can-
didate	 environment	 on	 putative	 loci	 subject	 to	 selection,	 a	 specific	
question	 is	 how	 phenotypic	 differentiation	 correlates	with	 environ-
mental	gradients	and/or	fixation	indices	(such	as	Fst or Gst)	of	neutral	
genetic	markers	(e.g.,	Hangartner	et	al.,	2012;	Kooyers	&	Olsen,	2012).	
This	 type	 of	 comparison	 allows	 us	 to	 infer	 an	 environmental	 driver	
of	 divergence/convergence	 in	 a	 focal	 trait	 (Hangartner	 et	al.,	 2012).	
This	approach	has	been	taken	in	plant–herbivore	interactions	(Agrawal	
et	al.,	2015;	Sakata	et	al.,	2014),	yet	whether	herbivory	is	associated	
















2004).	 Because	 of	 the	 simple	 genetic	 basis	 and	multiple	 ecological	
functions,	trichome	production	provides	an	excellent	system	to	inves-
tigate	how	plant	 resistance	variation	 is	established	across	heteroge-
neous	 landscape	 involving	multiple	 species	 interactions	and	climatic	
gradients.
Arabidopsis halleri	 (L.)	 O’Kane	 and	 Al-	Shehbaz	 subsp.	 gemmifera 
(Matsum.)	 O’Kane	 &	 Al-	Shehbaz	 (Brassicaceae/Cruciferae)	 have	 a	
genetic	 dimorphism	 expressed	 as	 two	 morphs,	 trichome-	producing	
(hairy:	Figure	1a)	and	trichomeless	 (glabrous:	Figure	1b)	plants.	As	 in	
related	 species	 (Bloomer,	 Juenger,	 &	 Symonds,	 2012;	 Hauser,	 Harr,	
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&	 Schlötterer,	 2001;	 Kivimäki,	 Kärkkäinen,	 Gaudeul,	 Løe,	 &	 Ågren,	
2007),	the	glabrousness	of	A. halleri	 is	associated	with	mutation	of	a	
trichome-	related	 gene,	GL1	 (Kawagoe,	 Shimizu,	 Kakutani,	 &	Kudoh,	




















scale	geographic	variation	 in	 the	morph	 frequency?	 In	 this	 study,	
we	 first	 compared	 the	 leaf	 damage	 in	 hairy	 and	 glabrous	 plants	
among	26	populations	 in	Japan,	which	were	separated	 from	each	
other	by	 less	 than	200	km	 in	distance	 (Figure	2).	Then,	we	evalu-
ated	genetic	differentiation	of	a	putative	trichome	locus	along	gra-
dients	 of	 ecological	 factors,	 such	 as	 herbivory	 and	microclimatic	
conditions,	 by	 incorporating	 neutral	 genetic	 variation	 as	 another	
correlative	factor.
2  | MATERIALS AND METHODS
2.1 | Study species
Arabidopsis halleri	 subsp.	gemmifera	 is	 a	 self-	incompatible,	 perennial	








tions	 in	an	ortholog	of	GL1	but	not	with	other	genes	 including	 two	
flanking	 regions	 (Kawagoe	et	al.,	 2011).	Wounding	did	 not	 increase	
trichome	 density	 of	 hairy	A. halleri	 (Sato	 &	 Kudoh,	 2016),	 and	 glu-





We	 surveyed	 leaf	 damage	 and	 the	 number	 of	 hairy	 and	 glabrous	
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(25%	±	12.5%),	0.5	(50%	±	12.5%),	0.75	(75%	±	12.5%),	or	1.0	(>87.5%	
and	<100%)	for	all	 leaves	 in	an	 individual	plant.	 Individual-	level	 leaf	











study	area	 in	each	 site.	Detailed	 survey	dates	 and	 sample	 sizes	 are	
provided	in	supporting	information	(Tables	S1	and	S2).




mum,	 and	 minimum),	 solar	 radiation	 (MJ/m2),	 sunshine	 (hr),	 annual	
precipitation	 (mm),	and	maximum	snow	cover	 (cm)	at	a	1-	km2	mesh	
scale.	We	added	elevation	(m)	of	each	site	to	these	variables.	These	













populations	 were	 overlapped	 with	 the	 present	 study	 and	 the	 data	
of	 the	 nearest	 population	 (Fujiwara–Sakamoto)	was	 applied	 to	 one	









to	 improve	 normality.	 The	 explanatory	 variables	were	 the	 trichome	
phenotype,	the	site	ID,	study	date	(x-	days	from	January	1),	the	study	
year,	and	the	maximum	leaf	length.	We	also	applied	generalized	linear	
models	 (GLMs)	 that	 dealt	with	 the	 categorical	 variable	of	 leaf	 dam-
age	score	by	using	the	VGAM	package	(Yee,	2015:	see	Appendix	S1).	




locus	 and	microsatellite	 loci	 along	 the	 gradients	 of	 three	 ecological	
factors	 (population-	level	 leaf	 damage,	meteorological	 PC1	 and	 PC2)	








the	morph	 frequency	at	each	site.	The	glabrousness	of	A. halleri	 is	a	
recessive	phenotype	because	 the	association	of	glabrous	phenotype	
with	 a	 homozygote	 of	 glabrous	 alleles	was	 perfect	 (Kawagoe	 et	al.,	
2011).	Thus,	following	Mendelian	inheritance,	we	estimated	genotype	

































Given	 the	 recent	 caution	 on	 the	 partial	 Mantel	 test	 (Guillot	 &	









of	 the	population-	level	damage,	meteorological	PC1	and	PC2	 in	 the	
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3.1 | Sources of variation in the individual plant- level 
damage
The	 trichome	phenotype,	 study	 sites,	 and	 study	 dates	were	 signifi-
cant	 sources	 of	 variation	 in	 leaf	 damage	 of	 A. halleri,	 whereas	 the	
study	years	and	maximum	leaf	 length	did	not	explain	the	significant	
amount	of	variation	in	leaf	damage	(Table	1).	The	significant	negative	
coefficient	 of	 trichome	 phenotype	 in	 the	 linear	multiple	 regression	
showed	less	damage	on	hairy	plants	than	on	glabrous	plants	(coeffi-











3.2 | Ecogeographic differentiation in the morph  
frequency
Next,	we	examined	ecological	and	genetic	factors	responsible	for	pop-
ulation	differentiation	 in	 the	 frequency	of	hairy	and	glabrous	plants	
(Table	2).	Based	on	the	largest	amount	of	the	among-	site	variation	in	
the	 individual-	level	 damage	 (Table	1),	 the	 population-	level	 damage	















	versus	damage,	r = .06,	p = .57	for	all	dataset;	
















nificantly	associated	with	 the	 temperature-	related	component	 (PC1,	





Explanatory df SS F p
Trichome 1 0.53 26.3 <10−6
Site 25 7.66 15.3 <10−16
Year 1 0.01 0.3 .56
Date 1 0.65 32.3 <10−7
Maximum	leaf	
length
1 0.06 3.2 .07
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analyses	 found	a	negative	association	between	 the	population-	level	






























and	 furthermore,	 there	 is	 adaptive	 geographic	 variation	 associated	
with	herbivory	(Karkkäinen	et	al.,	2004;	Løe	et	al.,	2007).	Specifically,	
A. halleri	 trichomes	 act	 as	 a	 resistance	 trait	 against	Pieris	 butterflies	
(Sato	&	Kudoh,	2015),	 suggesting	 that	 the	 frequently	observed	her-
bivore Pieris napi	 could	 be	 a	 selective	 agent	 of	 trichome	 produc-











(b) Excl. outlier 
pairs
r p r p
Population-	level	damage .214 .074 .487 .0001
Microsatellite	G′′
st
−.053 .686 −.035 .658
Meteorological	PC1 −.032 .725 −.052 .552
Meteorological	PC2 .002 .988 .079 .530
Pairwise	differences	between	sites	were	used	for	the	leaf	damage	and	me-
teorological	PCs.	Results	of	the	partial	Mantel	tests	are	shown	for	dataset	
including/excluding	 the	 pairs	 involving	 the	 outlier	 (red	 open	 circles	 in	






















     |  2139SATO And KUdOH
no	herbivory	(Kawagoe	et	al.,	2011;	Sato	&	Kudoh,	2016),	and	thereby,	
glabrous	plants	are	expected	to	predominate	 in	 the	absence	of	her-






Plant	 trichomes	 do	 not	 always	 confer	 resistance	 to	 herbivory.	





















Notably,	 in	A. halleri,	 the	brassica	 leaf	beetle	P. brassicae	 (Figure	1g)	 is	
known	 to	 mediate	 negative	 frequency	 dependence	 in	 damage	 and	
growth	between	hairy	and	glabrous	plants,	which	can	maintain	the	tri-
chome	dimorphism	(Sato	&	Kudoh,	2016;	Sato	et	al.,	2014);	however,	





















et	al.	 (2015)	 reported	 a	 trichome-	related	 gene	 other	 than	GL1	 as	 a	
candidate	of	the	altitudinal	adaptation	in	A. halleri.	Although	the	loss	
of	 function	of	GL1	and	associated	glabrousness	have	been	reported	













All dataset Excl. outlier population
Mean 95% LCI 95% UCI p Mean 95% LCI 95% UCI p
Population-	level	damage −141.29 −248.30 −58.30 <.001 −225.72 −327.23 −131.50 <.001
Meteorological	PC1 0.57 −1.03 2.31 .50 0.24 −0.90 1.52 .70
Meteorological	PC2 −0.62 −3.08 1.84 .58 −1.09 −2.81 0.36 .16
Damage	×	PC1 −15.99 −67.52 28.59 .48 29.56 −3.71 65.35 .08
Damage	×	PC2 81.00 −2.91 201.78 .07 −21.33 −100.80 44.33 .53
Means	with	95%	lower	and	upper	credible	intervals	(LCI	and	UCI)	are	shown	for	the	posterior	distribution	of	estimated	coefficients	in	the	generalized	linear	
mixed	models.	Bold	values	highlight	a	significant	deviation	from	coefficients	of	zero	at	p < .05.
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One	 caveat	 remains	 about	 the	 complex	 response	 of	Arabidopsis 
trichomes	to	herbivory.	While	the	presence/absence	dimorphism	and	
trichome	 density	 are	 genetically	 determined	 (Bloomer	 et	al.,	 2012;	
Hauser	et	al.,	2001;	Symonds	et	al.,	2005),	the	trichome	production	is	
sometimes	induced	by	wounding	(Bloomer,	Lloyd,	&	Symonds,	2014;	
Holeski	 et	al.,	 2010;	 Yoshida,	 Sano,	 Wada,	 Takabayashi,	 &	 Okada,	
2009).	 Furthermore,	 secondary	 metabolites	 such	 as	 glucosinolates	
may	covary	as	a	correlated	defense	against	herbivory	(Mauricio,	1998).	
Although	 our	 previous	 studies	 on	 A. halleri	 failed	 to	 discover	 cor-
related	expressions	between	the	trichome	production	and	glucosino-
late	profiles	 (Sato	et	al.,	2014)	and	 increase	of	 the	 trichome	density	
by	mechanical	wounding	(Sato	&	Kudoh,	2016),	the	complex	function	




was	 opposite	within	 and	 among	populations	 (inset	 of	 Figure	3),	 our	
correlative	evidence	of	leaf	damage	should	be	carefully	interpreted	at	
the	individual	and	population	scale.







patterns	of	plant	 resistance	polymorphism	via	different	 types	of	 se-
lection	at	different	spatial	scales.	Further	studies	at	broader	scales	are	
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